A cosmid genomic library was prepared from a single individual of the rodent Spalax ehrenbergi, the mole rat, captured in Israel. The library was screened with a mouse probe hybridizing with all mouse class I major-histocompatibility-complex (Mhc) genes; the cross-hybridizing clones were isolated; and their restriction maps were prepared using five enzymes. A total of 93 class I-bearing clones could be identified in the library. Forty-five of these clones showed partial overlaps and could be arranged into 14 clusters. Eleven of these clusters could be shown to contain two class I genes each; the remaining clusters, as well as most of the nonoverlapping clones, each contained one class I gene. After the elimination of clones with possible cloning artifacts and of clones that may carry allelic forms of a given gene in the heterozygous animal, the total number of class I loci identified in Spalax is -65. The high number of loci probably arose from the duplication of either the entire class I set or the different class I families. The high number of gene copies might represent a means of selecting different functional genes from the family in different mammalian orders. Three of the -65 Spa& class I genes cross-hybridize with a probe specific for the mouse K, D, and L genes; two of these genes are in the same cluster. These three elements might possibly be the functional class I genes of the mole rat.
Introduction
The major histocompatibility complex (Mhc) consists of two classes of loci, I and II (reviewed in Klein 1986 ). Class I loci code for molecules that provide context for the recognition of cellular foreign antigens by means of antigen-specific receptors on T lymphocytes.
The molecules are heterodimers consisting of a and p chains that are constructed of immunoglobulin-like domains. The class I a are assembled in a single chromosomal cluster in every species that has been studied thus far. There are >30 class I a loci in the mouse (Steinmetz et al. 1982; Weiss et al. 1984) and probably ~20 such loci in the human (Malissen et al. 1982; Orr et al. 1982) .
Each of the two classes is divided further into several families, primarily on the basis of evolutionary origin: genes within a given family are more related to one another than they are to genes in another family of the same class. In the mouse, there are two class I families: K (D, L, and Qa) and TZu; in the human, the class I families have not been defined yet.
In both the mouse and the human, only two of the two or three dozens of class I loci are known to be functional in terms of being able to provide context for antigen recognition.
The remaining class I genes are either pseudogenes or on the way to becoming pseudogenes.
The functional class I loci are highly polymorphic; the nonfunctional loci are mono-or oligomorphic.
The functional loci in the mouse are K and D(L); in the human they are designated A and B(C). The functional class I genes in the mouse and in the human, however, seem to be derived from different direct ancestral genes.
In an effort to shed light on the evolutionary history of the Mhc loci, we have been studying Smh, the Mhc of the mole rat, Spalax ehrenbergi. As is the mouse, Spalax is a rodent-and it even belongs to the same suborder, Myomorpha (Nevo 1985 (Nevo , 1986 . However, the house mouse and the mole rat had the last common ancestor >20 Myr ago (Nevo and Sarich 1974; Kleinschmidt et al. 1985 ; F. M. Catzeflis, E. Nevo, J. E. Ahlquist, and C. G. Sibley, unpublished data), so the two extant species are suitable for answering questions about the origin of the unusual mouse type of Mhc organization.
They can also be expected to provide information on the way in which the numbers and arrangements of genes within the Mhc change during the evolution of a mammalian order. In the present report, we have determined the number of class I genes in Spalax and tentatively described their organization.
Material and Methods

Construction
and Screening of the Cosmid Library DNA was isolated from the kidneys of a single mole rat (Spalax ehrenbergi), belonging to the chromosomal species 2n = 58 (the animal was captured at Zippori, Israel). The DNA was partially digested with the restriction enzyme Sau3A, and a cosmid library was prepared according to the protocol described elsewhere (Niietic et al., accepted) . The library, containing -6 X lo5 colonies, was plated on 10 22 X 22-cm Gene Screen Plus filters (New England Nuclear, Dreieich, Federal Republic of Germany). Two replica Gene Screen Plus or nitrocellulose filters (Schleicher and Schiill, Dassel, Federal Republic of Germany) were then hybridized with Mhc class I probes at 42 C for 48 h in a solution containing 46% formamide, 1 X Denhardt's, 20 mM NaP207, 4.5 X standard sodium citrate (SSC), and 9% dextran sulfate. The filters were washed twice with 2 X SSC, 0.1% sodium dodecyl sulfate (SDS) at 60 C and once with 0.1 X SSC, 0.1% SDS at 60 C, each time for -20 min. Films were then exposed to them for -3 days in cassettes equipped with intensifying screens. Colonies positive on both replica filter sets were picked and rescreened with the same probes and hybridizing solutions as given above.
Probes
Two mouse-derived probes were used to screen the mole-rat library for class I Mhc genes ( fig. 1) . Probe 1 was a 249-bp-long PstI fragment obtained from the pH2d-1 probe described originally by Bregegere et al. ( 198 1) . It covers a coding sequence spanning amino acid residues 154-236 of the mouse class I H-2Dd molecule. In the mouse, it hybridizes at low stringency with all the known class I genes. Probe 2 was a 950-bp-long PstI fragment derived from the 3'-untranslated region of the H-2Kd gene (Morita et al. 1985) . In the mouse, in stringent hybridizing conditions, this probe is specific for the H-2K, D, and L genes. 
Isolation and Characterization of Class I Inserts from Cosmid Clones
Cosmid clones positively hybridizing with the class I probes were isolated according to the method described elsewhere (Niietic et al., accepted) . One microgram of DNA was digested by means of restriction endonucleases, used either singly or two at a time; the resulting fragments were separated by means of 0.6% agarose gel electrophoresis; and restriction maps were constructed.
The DNA from these gels was then transferred to nitrocellulose filters and hybridized with probes in a hybridizing solution.
Results
Characterization of Cosmid Clones Containing Class I Mhc Genes
Screening and rescreening with probe 1 identified 93 Spalax cosmid clones containing class I cross-hybridizing sequences. These clones were isolated, and their restriction maps were constructed by means of five restriction endonucleases:
ClaI, San, MZuI, NruI, and KpnI; a few clones were also analyzed by means of five other enzymes: HpaI, BamHI, BstEII, HindIII, and SmaI. The maps were then compared, and partial overlaps of the clones were identified.
Of the 93 cosmid clones, 45 showed partial overlaps of their restriction maps, and these could be arranged into 14 clusters containing 1 X 10, 1 X 6, 1 X 4, 3 X 3, and 8 X 2 overlapping cosmid clones ( fig. 2 ). Restriction maps could not be prepared for eight clones because of the presence of cloning artifacts. The remaining 40 clones showed no overlap either with one another or with any of the clones in the 14 clusters ( fig. 3 ). Five clones in three clusters showed restriction-site differences vis-a-vis the otherwise overlapping clones (marked by asterisks in fig. 2 ). Since the animal from which the library was prepared was probably heterozygous at some of its Mhc loci, we presume that these slight differences between clones represent allelic variations.
All cosmid clones were then analyzed for the number of class I genes that they contained. The same agarose gels used for restriction-enzyme mapping were blotted on nitrocellulose filters, which were then hybridized with the 249-bp probe 1. Of the 14 clusters, 11 contained two class I genes each and the remaining three clusters contained a single gene each; the nonoverlapping clones contained a single gene each, with the exception of five clones that contained two genes each.
Altogether, we have covered some 2,200 kb of DNA occupied by the class I loci of the Smh. Since the great majority of the cosmid clones were nonoverlapping, such a result means that this distance is the minimal estimate of the length of the class I region in this species and that the actual length is probably much greater. A direct count indicates that this DNA segment contains 70 class I loci. This, however, could be an overestimate, because some of the genes carried by the nonoverlapping cosmids are probably allelic. If the five clones that show slight deviations from the restriction maps of other clones in the three clusters are indeed alleles, it would mean that five of 45 or -11% of the clones carry allelic genes. If a similar ratio also applies to the set of nonoverlapping clones, some 40 of these clones should contain independent class I loci. This estimate gives a total sum of -65 class I loci in the Spalax genome. We have no evidence that all these loci reside in the same region-or, for that matter, on the same chromosome.
Neither do we know whether all the hydridizing segments are complete genes or mere gene fragments. We could expect the latter possibility because it would provide an analogy with the class I-region organization in the house mouse. The minimal distance between two adjacent Spalax class I genes in the clusters is some 20 kb; the maximal distance is 230 kb. The genes on the nonoverlapping cosmid clones can be expected to be rather far apart from each other (230 kb). 10.14 10.15 an error in the estimate, because the library has been used extensively by us as well as by other investigators and has been found to be complete. The latter factor, however, may have lowered the estimate, so the number of 65 genes must be considered minimal.
On the other hand, we may have overestimated the number of genes either (1) by counting some of the single clones as separate when in fact they may be variants of the same sequence in a heterozygous animal or (2) by including cloning artifacts in the estimate. We have tried to correct the estimate for both these factors by subtracting 11% from the total number of clones. We do not believe that our adjusted figure is too low. If one compares the original rough estimates of the number of H-2 genes in the mouse with the corrected numbers later obtained by means of a more refined analysis, it turns out that they are off by < 10%. Therefore, although we may have underestimated the number of class I genes in Spalax, we do not believe that we have overestimated it to any significant degree. The figure of 65 is the highest number of class I loci identified in a single individual by means of genomic cloning procedures. Previous research by Rogers et al. (1985) using Southern blot analysis of total, uncloned DNA indicated that in A4us cewicolor, M. pahari, M. platythrix, and Rattus norvegicus there are two to three times more fragments hybridizing with mouse class I probes than is the case in the house mouse, M. domesticus. The possibility of error contained in estimating gene number on the basis of the number of bands on a Southern gel is, however, relatively large, particularly if the bands are numerous. This is therefore the first conclusive demonstration that the number of class I genes and gene fragments can be twice as high as that observed in the mouse. This is also one of the highest numbers of loci in a single class found in any organism thus far. One of the other known cases is the gene coding for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which, in the mouse and the rat, occurs in 2200 copies (Piechaczyk et al. 1984) ; virtually all of these copies, however, are processed pseudogenes that are apparently scattered throughout the genome. It has been speculated that these copies arose through the incorporation of GAPDH cDNA into various sites along the chromosomes by means of a process involving transposons.
The class I loci probably represent a different situation. To date, no processed Mhc pseudogenes have been detected in any species, and it is, in fact, unlikely that they exist at all. If, as is generally assumed, processed pseudogenes are derived from mRNA present in the germ cells, Mhc genes (which are probably not expressed in such cells) have no opportunity to multiply in this fashion (for review, see Klein 1986) . High numbers of gene copies are also present in the clusters of immunoglobulin and histone loci (Hentschel and Bimstiel 198 1; Kindt and Capra 1984) .
The homologies among the class I genes identified in the mouse suggest that here the expansion of the complex proceeds by means of gene duplication (Steinmetz et al. 1982; Weiss et al. 1984; Rogers 1985) . We assume, therefore, that in Spalax as well the large number of class I copies arose by means of gene duplication. This process may involve individual genes as well as whole gene sets. Evidence for large-scale duplications has been provided by the mouse, in which have been identified inbred strains that lack the entire Qa region (O'Neill et al. 1987) or in which the entire Tla region is duplicated (Steinmetz et al. 1982; Rogers 1985) . In each case, the duplication or deletion must have involved some 10 genes. Therefore, there are two most likely possible explanations for the high number of class I genes in Spalax: (1) either the entire class I set of the size present in the mouse has duplicated (Spalax does, indeed, have approximately twice as many class I genes as the mouse), or (2) the individual class I families duplicated separately.
If the three Spalax genes that cross-hybridize with the KDL-specific probe are, as we suggest, the functional class I genes in this species, then this number is not higher than that in the mouse. This observation indicates either (1) that the functional genes have not been involved in the duplication or (2) that two or three functional genes is the optimal number for a species and that even when these genes are duplicated, their number is subsequently reduced by either deletion or inactivation of some of the copies.
As has been pointed out by others (e.g., Campbell [ 1983] ), there are definite advantages in having large, multigene families. In such a family, natural selection does not survey individual genes but rather the family as a unit, so that as long as some members of the family carry out the required function adequately the other members are free to vary and thus occasionally provide material for the evolution of new genes. As mentioned in the Introduction, there is some evidence that different mammalian orders selected different members of the class I families to become functional genes. This observation is possibly the clue to the exuberant expansion and contraction that the class I families have been undergoing during their evolution. Such changes may provide the opportunity to start from different genes in different conditions. Some of the genes in the family may be nonfunctional only because they are expressed at a very low level or not at all; if expressed, they may become functional, even though they may, in the meantime, have diverged considerably from the bona fide functional genes. This situation might be a speciality of the Mhc genes, which, as the extremely high polymorphism of the functional loci attests, sustain a considerable variability.
The great variation in gene number seems to be limited to class I loci; although the class II families expand and contract too, these changes seem to occur on a smaller scale. The Spalax is, in fact, the best example of this difference between class I and class II loci. Although the class I loci have expanded to such a great extent in this species, the number of class II loci is approximately the same as that in the human, despite the deletion of two of the class II gene families (viz., DR and DO) represented in both the human and the mouse (Niietic et al., accepted) .
The data available up to now do not allow us to draw conclusions regarding the arrangement of the class I and class II loci in Spalax. They bring us tantalizingly close to being able to decide whether the arrangement is of the human or the mouse typebut, unfortunately, they do not provide any convincing argument one way or the other. Walking along the chromosome will be necessary before we can answer the question. With luck, it might be possible to link up clusters 2 and 3 without a marathon run. It should be pointed out, however, that the long distances between at least some of the Spalax class I genes are reminiscent of a similar situation in the human Mhc (Malissen et al. 1982) . It is possible, therefore, that the mouse type of arrangement arose after the evolutionary lines leading to Mus (and Rattus) and those leading to Spalax separated from the last common ancestors, an event that may have occurred as recently as 20 Myr ago.
